The unique versatility of the electronic structures of organic molecules can be potentially utilized to engineer single-molecular electronic devices with specific functionalities. Here, we report on how the electronic structures and the transport properties of molecular junctions containing a π -conjugated terephthalic acid molecule in a scanning tunneling microscopy (STM) configuration can be tuned by modifying their chemical composition at a single-atom level. More specifically, this strategy implies (i) to change the molecular core through a chemical functionalization process and (ii) to modify the chemical nature of the STM-tip-apex atom. In this respect, our first-principles calculations of the electronic structures and the corresponding electron transport reveal that by the insertion and increase of the number of N atoms in the six-membered benzenelike aromatic ring, the electron transmission at the Fermi level increases. However, the calculated electron transmission at the Fermi level does not depend significantly on the specific position of the N atom in the aromatic ring. Nevertheless, when the tip-apex atom is changed from Cu to W, the electron transmission of the molecular junction significantly changes in an energy range above the Fermi level.
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I. INTRODUCTION
Since the first suggestion of the nanoscale device based on organic molecules, i.e., single-molecular rectifier has been designed theoretically by Aviram and Ratner, 1 even at present molecular electronics is still an exciting field from the perspective that various types of electronic functionalities can be potentially realized only by single molecules due to their unique electronic structures. Therefore, in the last decade special attention was paid to investigate organic molecular junctions to understand their fundamental physics and to explore their applications. 2 In particular, to bring single-molecular electronic devices into reality, it is absolutely imperative to comprehend electronic structures not only of the isolated molecules but also of the molecular junctions assembled from a single molecule sandwiched between metal electrodes. Moreover, electron transport properties of the molecular junctions must be also understood to evaluate their potential use in functional electronic devices. In consequence, an enormous effort has been devoted to investigate the fundamental physics of single-molecular junctions including their electronic structures and transport properties from both experimental and theoretical points of view. 3 For instance, Venkataraman et al. have adopted a conformational modification approach to experimentally investigate the systematic change in electron transport through single molecules containing two planar units such as biphenyl/bithiophen, and revealed that the twist angle between the two benzene/thiophene rings strongly affects the conductance. 4 Reddy et al. have also reported the systematic change in the thermopower of thiol-terminated oligophenyl as the function of the molecular length 5 (for a review see, for example, Ref. 6). Additionally, the dependence of the electrical conductance on the nature of the anchoring group of oligoynes of different lengths has been recently addressed. 7 So far, our research group has suggested that a carboxylate group can be a promising candidate to anchor organic molecules on the Cu(110) surface 8, 9 similarly to the thiolate group, which is well known to anchor organic molecules on the Au(111) surface. 10, 11 Recently, we have experimentally and theoretically studied several single π -conjugated organic molecules such as carboxylates chemisorbed on the Cu(110) surface, and pointed out that the electronic structure of a prototype terephthalic-acid (C 8 H 6 O 4 , denoted also as TPA) molecule can be specifically tuned by a systematic modification at a single-atom level of the chemical composition of its molecular core given by a benzenelike aromatic ring. 12 In addition to these studies, we have also performed the systematic investigation on the electron transport properties of a symmetric TPA molecular junction in a break-junction configuration and found that the electron transmission through this molecular junction can be precisely tuned by a chemical modification approach, that is, replacing the C atom in the anchoring carboxylate groups (COO) through a more electronegative atom such as N or a less electronegative one like B. 13 In this study we have extended our previous research to analysis of the electron transport in single-molecular junction integrated in a scanning tunneling microscopy (STM) configuration. Since its invention, 14 the STM, especially multiprobe STM, had become the surface science tool of choice to characterize the topography of adsorbate-surface systems and even to investigate their electronic structure by means of scanning tunneling spectroscopy (STS). 15 In our previous works, 8, 9, 12 STM and STS played a key role in understanding the electronic structures of organic molecules chemisorbed on the Cu(110) surface. Therefore, the theoretical electrontransport studies that are comparable to STM measurements are absolutely requisite for a detailed understanding of the transport properties measured from single-molecular junctions in a STM configuration. Note that in a STM configuration, single-molecular junctions have an asymmetric structure composed of a substrate electrode, an organic molecule adsorbed on it, a vacuum gap, and a tip electrode.
In this study, adopting single-molecular junction systems in a STM configuration, where a tip electrode scans above the organic molecule chemisorbed in an upright geometry on the Cu(110) surface as employed in the previous work, 12 we present a systematic investigation on the electronic structures and the ballistic electron-transport properties of such singlemolecular junctions. Our systematic study on the singlemolecular junctions starts (i) from a prototype TPA molecule, (ii) replaces a CH group in the aromatic ring of the molecular core with a more electronegative N atom, and (iii) increases the number of the N atoms in the ring by a further CH replacement. In addition to the modification of the chemical structure of the TPA molecule, the vacuum-gap width between the top of an organic molecule and the surface of a tip electrode is also changed to examine the variation of the electron transport properties from the contact condition to the tunnel condition.
Our first-principles calculations provide a precise recipe on how to specifically control electron transmission at the Fermi level of the single-molecular junctions (i) by modifying chemical composition of the molecular core and (ii) by changing geometrical separation between the organic molecule and the STM tip. Moreover, an important outcome of our first-principles study is that the exchange of the atom at the tip apex induces drastic changes in the electron transmission at the Fermi level. Overall, our results point out the importance of the chemical and geometrical fine tuning of molecular junctions on their electronic transport properties. This paper is organized as follows: In the next section, we describe the computational methods used in this study and present molecular junction models employed in this work. In Sec. III, we analyze the electronic structures and electron transmissions of the STM junction systems incorporating the prototype TPA molecule and the chemically functionalized ones, while in Sec. IV we summarize the results obtained in our systematic theoretical investigation.
II. CALCULATION METHOD AND MODEL
All calculations presented in this paper are performed within the framework of the density functional theory (DFT). 16 To determine the electronic ground states of the organic molecular junction systems in a STM configuration, we have used an electronic-structure calculation code 17 based on the real-space finite-different formalism, 18 in which the projector-augmented-wave pseudopotentials method proposed by Blöchl 19 is incorporated to describe the interaction between valence electrons and a nucleus, and the exchangecorrelation interaction is treated by the local density approximation (LDA). 20 Our first-principles electronic-structure calculation method enables us to determine the self-consistent electronic ground states of target systems with a high degree of accuracy by means of the timesaving double-grid technique. 21 In the computations of the electron transmissions through the molecular junctions, we employ a code calculating ballistic electron transport based on the real-space finite-difference formalism 22 in order to keep consistency with the electronicstructure calculations mentioned above. The effective local potential and the pseudopotential parameters, which are determined self-consistently and exported from the electronicstructure calculations, are the input into the electron-transport code, and hence, the scattering wave functions of electrons inside the molecular junction systems are determined to the given potential in a non-self-consistent manner. It has been reported that the non-self-consistent procedure is just as accurate within the linear response regime but significantly more efficient than performing self-consistent expensive computations on a scattering wave basis. 23 Electron transmission G(E) is evaluated by means of the Landauer-Büttiker formula, 24 i.e.,
G 0 is the quantized conductance, and G 0 = 2e 2 /h, where e is the electron charge and h is Planck's constant. Here, T ij is the transmission probability of the electrons flowing from the ith channel in an electrode to the j th channel in another electrode, and is obtained from scattering wave functions by means of the channel decomposition technique. 25 It is important to keep in mind that the use of the LDA functional in DFT calculations may result in the overestimation of electron transmission at the Fermi level because of the underestimation of band gaps. 26 However, on the other hand, LDA-based transport calculations are well known to give a reliable insight into the qualitative trends of electron transport properties in molecular junctions. 27 Figure 1 shows a schematic representation of the computational model employed in our first-principles study. The TPA molecule, which has a benzenelike aromatic ring as the molecular core between two carboxylic groups, chemisorbs on the Cu (110) modeled by three Cu(110) layers via two carboxylate-Cu anchoring bonds, 28 and is standing perpendicular to surface, which acts as an electrode of the two-terminal molecular junction. Another electrode is made up of two Cu(110) layers and an apex atom on it, and is placed at a fewÅ above the carboxylic group of the TPA molecule at the vacuum interface, so as to include a vacuum gap between them. Thus, an asymmetric single-molecular junction in a STM configuration is formed. Table I . For each electrode, four Cu(110) bulk layers depicted as white balls are approximated with a jellium model.
To evaluate the influence of the vacuum gap on the electron transport properties of the junctions, we have also changed the distance between the organic molecule and the STM tip, as follows. The distance between the Cu(110) layers indicated by A and A' in Fig. 1, d A-A' , is set to be 15.87Å, 16.87Å, and 19.87Å so that the distance between the tip-apex atom and the nearest O atom before geometry optimization is to be 2Å, 3Å, and 6Å, respectively. Then the whole atomic structure except for the outermost Cu(110) layer indicated by A and A' in Fig. 1 is optimized. The optimized distance between the tip-apex atom and the O will be discussed later. Hereafter, the systems optimized for d A-A' = 15.87Å, 16.87Å, and 19.87Å are referred to as Short, Middle, and Long, respectively. We have assumed periodic boundary conditions for the directions parallel to the substrate surface. 29 Since the electron transport calculation method employed in this work requires a uniform background positive charge distribution at around the supercell boundaries in the z direction, the four bulklike Cu(110) layers in each electrode (see the white balls in Fig. 1 ) are replaced by jellium. In other words, the surface of each Cu electrode is represented by atomic Cu(110) layers and the bulk is approximated by a jellium model. 30 In the jellium approximation, the only parameter needed to be specified is the Wigner-Seitz radius, which is set to 0.64Å (1.21 bohrs). Note that such use of jellium approximation forms an artificial interface between an atomic layer and the jellium surface, which may raise unphysical influence on electronic structure and transport properties. In this work, by comparing the electronic structures of the systems with and without jellium approximation, we have confirmed that such unphysical influence is negligible. The single-atom-level modification of the chemical composition of the starting TPA molecular junction is summarized in Table I . To investigate the influence of more electronegative N atoms as compared to the C ones on the electronic structure and the electron transport feature of the molecular junction, we have increased the number of N atoms contained in the aromatic ring at the molecular core, as TPA molecule (without N atoms), pyridinedicarboxylic acid (Py) molecule with an N atom, and pyrazinedicarboxylic acid (Pz) molecule with two N atoms. Since there are two possible positions for one N atom in the Py molecule as described in Table I , we refer to them as Py(sub.) and Py(tip), and examine both systems for the difference in the electronic structures and the transport TABLE I. Atoms indicated as 1, 2, and 3 in Fig. 1 are replaced by other atoms to carry out the systematic investigation on the change of the electron transport features of the molecular systems considered in our study. Besides this the optimized distances between the tip-apex atom and the nearest O atom are listed in the unit ofÅ for the three tip-sample separations Short, Middle, and Long. properties. Since in the STM experiments the W is often used as tip material, we have also exchanged only the apex atom of the tip electrode with W atom and compared the optimized geometries, the electronic structures, and the electron transport properties with the results obtained for a Cu tip. Hereafter, the molecular junction with a Cu atom and a W atom at the tip apex are referred to as TPA(Cu) and TPA(W), respectively. In Table I , the optimized distance between the tip-apex atom and the nearest O atom in each system is also listed for the three tip-sample separations Short, Middle, and Long.
III. RESULTS AND DISCUSSION
Firstly, we analyze the electronic structure and the corresponding electron transport behavior of the TPA(Cu), Py(sub.), and Pz molecular junctions, each of which containing 0, 1, or 2 N atom(s) in the aromatic rings [see Table I ]. Figure 2(a) shows the local density of states (LDOS) N (E) at the molecular site, which are evaluated as where ε i and ψ i are the eigenenergy and the wave function of the ith state, respectively, and the integration is carried out over a volume containing only the organic molecule. f (E − ε i ) is a broadening function with the center at the energy of ε i . In this work, we have chosen a Gaussian function for the broadening function. 31 For the Cu-terminated tip, below the Fermi level the states σ 1 and σ 2 with a σ -like molecular character (i.e., they involve the in-plane p y -and p z -like atomic orbitals) are present at the molecular site. Although the σ 1 states do not significantly change their energetic position for all three molecular junctions at each tip-sample separation, the position in energy of the σ 2 states is specific for each molecular junction. We also note that the peak position of the σ 2 state for the Pz molecular junction is higher in energy (closer to the Fermi level) than that for Py(sub.) molecular junction for all tip-sample separations. This observation suggests that the presence of N atom in the aromatic ring pushes the σ 2 state to higher energy as already noticed in literature. 32 Besides this, when changing the number of the N atoms the σ 1 and σ 2 states behave in a similar way with the case of the same molecules on the Cu(110) surface in the absence of the STM tip. 12 Moreover, the height of the LDOS peak of the σ 2 state for the TPA molecular junction is significantly smaller than those for the other two junctions. This feature can be understood from the spatial distributions of the σ 2 wave functions, which are depicted in Fig. 3 . In the cases of the molecular junctions containing N atom(s), one can easily see the hybridization of the σ 1 and σ 2 electronic states with those of the Cu(110) surface. In particular, the σ 1 state is mainly localized at the anchoring COO-surface interface while the σ 2 state generally delocalizes over the whole molecular plane. However, in the case of the TPA(Cu) molecular junction the σ 2 state is mainly Fig. 2(a) for each of the TPA(Cu), Py(sub.), and Pz molecular junctions for the tip-sample separation Middle. localized at the carboxylate group like the σ 1 state. The fact that the σ 1 states are basically localized at the molecule-surface interface for all three molecular junctions implies that their contribution to the junction electronic structure is similar as depicted in Fig. 2 .
The large height of the σ 2 LDOS peak, implying an extension of the electronic state over molecule as discussed above, is also reflected in electron transmission curves. Figure 2(b) shows the electron transmissions of the TPA(Cu), Py(sub.), and Pz molecular junctions for the three tip-sample separations. The transmission peaks corresponding to the σ 2 -like states are observed in the energy range from −2.0 eV to −1.0 eV. It is easily seen that the transmission peaks for the molecular junctions containing N atom(s) are at least one order of magnitude larger than those for the TPA molecular junction without N atom. This can be interpreted as follows: In the case of the TPA(Cu) molecular junction, the molecular core acts as a tunnel barrier for the electrons passing through the σ 2 state since it has no weight at the molecular core. On the contrary, in the case of the other two molecular junctions, the organic molecule appears as a conductor for the electrons passing through the σ 2 state since it is extended over the whole molecule.
Above the Fermi level, the transmission peaks labeled as π * change more drastically as a function of the energy when changing both the number of N atom(s) and the tip-sample separation. To illustrate this effect, one can observe that in each panel of Fig. 2(b) the first transmission peak above the Fermi level moves to lower energies when changing the organic molecule from TPA(Cu) to Py(sub.) and Pz, suggesting that the lowest unoccupied state of the molecular junction lowers in energy by increasing the number of N atom(s) in the aromatic ring. This behavior is also in good agreement with that observed for molecule-surface systems without the STM tip. 12 When the tip-sample separation is decreased, the transmission peak π * at ≈1.0 eV for the tip-sample separation Long approaches to the Fermi level, and the energy gap between transmission peaks across the Fermi level becomes smaller. This trend is consistent with the scanning tunneling spectroscopy measurements performed in our previous work. 9 The shape of the transmission peak π * is also found to become broader as reducing the tip-sample separation. In consequence, the tail of the transmission peak starts to contribute more significantly to the electron transmission at the Fermi level, and the transmission peaks reach a quantized value in the contact limit at the tip-sample separation Short.
Next, we investigate how a different position of the N atom in a Py molecule affects the electronic structure and the electron transmission of the corresponding molecular junction. Therefore, we compare the Py(sub.) and Py(tip) molecular junctions, each of which having the N atom at the substrate side or the tip side in the aromatic ring, as seen in Fig. 1 and Table I . Figure 4 presents the LDOS of these two molecular junctions. Interestingly, by increasing the tip-sample separation, the σ 2 -like state of the Py(tip) molecular junction becomes closer to the Fermi level than that of the Py(sub.) molecular junction, i.e., the σ 2 state of Py(tip) is lower and higher in energy than the σ 2 state of Py(sub.) for the tip-sample separations Short and Long, respectively.
The different change in the energetic positions of the two σ 2 states can be understood as follows: As depicted in Figs. 3(c) Py ( and 5(a), the σ 2 state of the Py(tip) junction is closer to the tip than that of Py(sub.), because these σ 2 states are mainly localized around the N atom. This fact implies that the σ 2 state of the Py(tip) junction is affected by the tip approach/retraction more sensitive than that of the Py(sub.) junction. Therefore, by decreasing the tip-sample separation, the σ 2 states are stabilized due to the interaction with the tip, and hence, the energetic position of the σ 2 state of the Py(tip) junction moves to more lower energies than that of the Py(sub.) junction.
The shift in energy of the σ 2 states is also reflected in the electron transmission curves as seen in Fig. 4(b) . More Fig. 4(a) for the Py(tip) molecular junction for the tip-sample separation Middle. specifically, the transmission peak corresponding to the σ 2 state of Py(tip) moves lower in energy, and overtakes that of Py(sub.) as decreasing the tip-sample separation. However, in spite of the different spatial distributions of the σ 2 states [see Figs. 3(c) and 5(a)], the electron transmissions derived from these states are both in the same magnitude, except for the case of the tip-sample separation Long. Besides this, in the energy range above the Fermi level, the energy separation between the transmission peaks of these two Py molecular junctions becomes small. This observation suggests that it would be difficult to distinguish the Py(tip) and Py(sub.) geometries by STM measurement when a tip is nearly in contact with a Py molecule.
Finally, we analyze the influence of the chemical nature of the tip apex on the electronic structure and the electron transmission of single-molecular TPA junction systems, i.e., the TPA(Cu) and TPA(W) systems with a Cu and W atom as the tip apex, respectively. of the TPA(W) junction lead to the transmission peaks at the energy above the Fermi level as seen in the upper two panels in Fig. 6(b) , which have the same characteristic to the transmission peak at the + 1.5 eV for the tip-sample separation Long.
Although in the case of the TPA(Cu) system the π * transmission peak above the Fermi level monotonously moves to lower energies side and becomes broad gradually when decreasing the tip-sample separation, in the case of the TPA(W) system the corresponding transmission peak remains at the same energy for the tip-sample separation Short and Middle where it is also significantly broadened while it is sharp at the tip-sample separation Long. This different behavior of the transmission peaks can be understood from the optimized geometries of the two systems. Figures 7(a) and 7(b) show the optimized atomic configurations of the organic molecules for the TPA(Cu) and TPA(W) molecular junctions, respectively. One can easily see a significant difference between these relaxed geometries, namely in the case of the TPA(W) junction the W apex atom forms a chemical bond with the underlying O atom at the tip-sample separation Middle, also as listed in Table I . This fact can be explained from the general trend of covalent-bond radii, 33 i.e., a W atom has larger covalent-bond radius than a Cu atom. For the TPA(W) junction system with the tip-sample separation Middle, the energy gain from the formation of the chemical bond between the W and O atoms overcomes the energy required to distort TPA molecule and Cu(110) substrate. This effect can be observed in particular for the carboxylic group at the tip side and for the Cu atoms anchoring of the TPA molecule, as seen in Fig. 7(b) . In consequence, this bonding state stabilizes the π * -like electronic state above the Fermi level, and exhibit the larger electron transmission at the Fermi level in comparison with the TPA(Cu) junction system for the tip-sample separation Middle.
We have also performed the eigenchannel decomposition of the scattering wave functions injected from the electrode at the substrate side. Figures 7(c) and 7(d) depict primary eigenchannels contributing to the transmission peaks at + 0.25 and + 1.12 eV indicated by the arrows in Fig. 6(b) . The primary eigenchannels both have π * -like characteristic and localize at the molecular site because the injected waves at the energies resonate with the π * molecular states. These π * -like characters of the wave functions at the molecular site are well consistent with our previous work. 13 One can see in the spatial distribution of the eigenchannel waves that the electron-transmission channel of TPA(Cu) junction system for the tip-sample separation Middle is blocked at the vacuum gap between the TPA molecule and the Cu-terminated tip, and that of the TPA(W) junction system for the same tip-sample separation bridges over the gap to reach the W atom. Now, this fact raises the question why the electron transmission values at the energies indicated by the arrows in Fig. 6(b) are almost the same, even though the primary eigenchannel shown in Fig. 7(d) bridges over the gap between the molecule and the tip and the other one shown in Fig. 7(d) does not. Our detailed analysis on the electron flow through the transmission channels answers this question, that is, this is due to the difference in the specific region in the molecular junction where electron backscattering occurs. In the case of the TPA(Cu) junction, it is clearly seen that electron backscattering occurs at the vacuum gap between the molecule and the tip. On the other hand, in the case of the TPA(W) junction, electron backscattering takes place at the interface between the W atom and the Cu (110) substrate.
For the tip-sample separation Middle, the transmission curves of both junction systems are significantly different from each other. Based on the assumption that the electronic structure and electron transmission do not change as long as a sufficiently small bias voltage is applied, we can expect that in the TPA(W) junction system the current flow drastically changes as the energy window due of the bias voltage includes the π * transmission peak above the Fermi level, while in the TPA(Cu) junction system such a drastic change in the current flow does not occur because the transmission peak is still far away from the Fermi level. In this way, the current-voltage characteristics of the two systems are expected to differ from each other significantly.
IV. CONCLUSION
To conclude, in this theoretical study we have presented a systematic investigation on how electronic structures and electron transmissions can be tuned by changing at a single atom level the chemical composition of molecular junctions in a STM configuration. More precisely, by replacing a CH group in the aromatic ring of a TPA molecule with an electronegative N atom and by increasing their number, the transmission properties can be specifically tailored as well as the electronic structure of the molecular junction system. By changing the tip-sample separation, we have observed the transition between contact and tunnel transport regimes with a monotonous shift of the σ and π transmission peaks. We have also demonstrated that by changing the chemical nature of the tip apex from Cu to W, the optimized geometry of the TPA molecular junction changes drastically, and consequently the electron transport property is also strongly modified. Therefore, one can conclude that the chemical modification (functionalization) approach employed in this work is one of the practical ways to investigate systematic change in the electronic properties of nanostructure similarly to the conformational modification approach. 4 The knowledge obtained from this study can be further used toward an efficient design of future molecular electronic devices with specific and desired functionalities as well as a fundamental understanding of the basic process that describes the electron transport in single-molecular junctions.
